Autoignition of binary blends of n-butanol and n-heptane was studied in a rapid compression machine at an equivalence ratio of 0.4 and a compressed pressure of 20 bar with the compressed temperature varying from 700 K to 907 K. Within the temperature range covered in this study, no cool flame or negative temperature coefficient behavior was observed for neat n-butanol. With the presence of n-heptane in the binary fuel mixture, the overall ignition delay is appreciably shortened as compared to that for neat n-butanol. In addition, all of the n-butanol/n-heptane blends investigated in this study exhibit pronounced cool flame behavior at low temperatures. The difference in total ignition delay between neat n-butanol and an n-butanol/n-heptane blend is observed to be temperature-dependent. Furthermore, a nonlinear relationship between the total ignition delay and the mole fraction of n-butanol in the binary fuel mixture is observed at low temperatures.
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I. Introduction
N recent years, n-butanol or bio-butanol, produced from biomass sources has emerged as a promising fuel candidate in the transportation sector thanks to the advances in the fermentation process for n-butanol production 1, 2 . Compared to bio-ethanol, the most widely produced biofuel at present, n-butanol presents several advantages including higher energy density, lower vapor pressure, lower affinity to water, and the ability to be transported via existing fuel distribution pipelines. In 2006, BP and DuPont announced plans to jointly produce biobutanol in UK and marketed it as an improved gasoline blending component 3 . Engine studies from various research groups have demonstrated that n-butanol not only serves well as a gasoline blending component without engine modifications, but also has the potential to be used as a direct replacement to petroleum-derived gasolines [4] [5] [6] [7] .
In light of the potential of n-butanol becoming a viable alternative transportation fuel to be used in both sparkignition engines and compression ignition engines, it is essential to develop high-fidelity kinetic models for nbutanol oxidation to accurately predict the combustion characteristics of n-butanol in internal combustion engines. Furthermore, since n-butanol is going to be used primarily as a blending component in petroleum-derived transportation fuels in the near future, there is a necessity to construct predictive kinetic models for the oxidation of n-butanol-blended fuel mixtures, which requires experimental data acquired from well-characterized fundamental combustion experiments (i.e., shock tubes, rapid compression machines, flow reactors, jet-stirred reactors, etc.) to serve as validation targets.
Within the last several years, the oxidation of n-butanol has been widely studied in a variety of reaction systems including shock tubes 8, 9 , jet-stirred reactors 10, 11 , diffusion flames [11] [12] [13] , counter-flow premixed flames 14 , rapid 1 Postdoctoral Fellow, Department of Mechanical Engineering. 2 Assistant Research Professor, Department of Mechanical Engineering, Member AIAA. 3 Professor, Department of Mechanical Engineering, Associate Fellow AIAA. compression machine 15 , and motored engine 16 . These experimental results not only help significantly to enhance the understanding of the oxidation chemistry of n-butanol, but also provide valuable experimental database for the validation of kinetic models.
McEnally and Pfefferle 12 studied the decomposition of four butanol isomers (i.e., n-butanol, 2-butanol, isobutanol, and tert-butanol) in co-flow methane/air flames. Within the experimental conditions of their study, the authors suggested that the decomposition of n-butanol proceeds mainly through C-C bond fission followed byscission of the resulting radicals to form olefins, aldehydes, and ketones.
Moss et al. 8 investigated the oxidation of four butyl alcohols in a shock tube at temperatures of 1200-1800 K and pressures of 1-4 bar. The ignition delay times obtained from the shock tube experiments were then used to validate a detailed kinetic mechanism for the oxidation of butanol isomers developed by the authors. Reaction path analysis in their kinetic modeling study of the oxidation of n-butanol indicated that n-butanol is consumed primarily via H-atom abstraction reactions, among which the abstraction of H-atoms on the -carbon of n-butanol was observed to be particularly favored. Recently, Black et al. 9 carried out shock tube experiments on the autoignition of n-butanol at equivalence ratios of =0.5-2.0, temperatures of 1100-1250 K, and pressures of 1-10 atm. Moreover, the authors developed a detailed chemical kinetic mechanism for n-butanol oxidation, in which the importance of enol chemistry is highlighted.
Dagaut and co-workers 10,11 developed a detailed chemical kinetic mechanism for the oxidation of n-butanol and validated it against the experimental data acquired from their jet-stirred reactor experiments ( =0.25-2.0; T=800-1250 K; P=1 and 10 atm), opposed-flow diffusion flame tests, and laminar flame speed measurements. Through reaction path analysis, it was observed by the authors that n-butanol decomposes mainly through the abstraction of H-atoms on -, -and -carbon atoms of n-butanol followed by -scission of the resulting radicals.
Weber et al. 15 recently studied the autoignition of n-butanol in a rapid compression machine at low to intermediate temperatures and elevated pressures (P C =15, 30 bar, T C =675-925 K), within the test range of their study, n-butanol exhibits only single-stage ignition. No cool flame or negative temperature coefficient (NTC) behavior has been observed. The lack of low temperature reactivity of n-butanol was also observed by Zhang and Boehman 16 in their motored engine study of n-butanol oxidation. Thus far, although the oxidation of n-butanol has been extensively studied, few studies have focused on the oxidation of n-butanol-blended fuel mixtures, which is of fundamental and practical importance. Dagaut and Togbé 17 investigated the oxidation of blends of n-butanol and a gasoline surrogate mixture (iso-octane, toluene, and 1-hexene) in a jet-stirred reactor (T=770-1220 K; =0.3-2.0; P=10 atm). The authors further developed a kinetic mechanism for the oxidation of the blends of 1-butanol and the gasoline surrogate mixture and validated against the species concentration profiles obtained from the jet-stirred reactor experiments. Dagaut and Togbé 18 further studied the oxidation of binary mixtures of n-butanol and n-heptane in their jet stirred reactor ( =0.5; T=530-1070 K; P=10 atm). Moreover, a kinetic mechanism for the oxidation of the mixtures of n-butanol/n-heptane was developed by the authors. Their kinetic modeling study indicated that the oxidation of n-butanol can be facilitated trough the low temperature oxidation of n-heptane. Motored engine study conducted by Zhang and Boehman 16 on the oxidation of a mixture of n-heptane and n-butanol further confirmed the synergistic oxidation of the two fuel compounds at low to intermediate temperatures prior to the onset of hot ignition.
The present study is part of our effort to systematically study the oxidation of n-butanol-blended mixtures. Our aim is to start with binary fuel mixtures, and then move further into more complicated, multi-component fuel blends. The primary goal of this work is to explore the autoignition behavior of the fuel mixtures of n-butanol and n-heptane as a function of the blending ratios between the two compounds under the physical conditions relevant to those in the homogeneous charge compression ignition (HCCI) engines, i.e., ultra fuel-lean, low-to-intermediate temperatures, and elevated pressures. In addition, it is also our objective to build up an experimental database for the oxidation of n-butanol-blended fuel mixtures.
II. Experimental A. Rapid Compression Machine
In this study, the autoignition experiments were carried out in a rapid compression machine (RCM), which is capable of rapid compression of a homogenous charge of mixtures to high pressure and temperature with a single compression stroke. The RCM system used in this study consists of a reactor piston, a driving piston, a hydraulic control chamber, and a driving air tank. In the current RCM setup, the reactor piston is pneumatically driven and hydraulically stopped. The typical time interval for the reactor piston to travel one stroke is 25-35 milliseconds.
More detailed descriptions regarding the configuration and operating features of the RCM can be found elsewhere 19, 20 . A Kistler 6125B pressure transducer with a 5010B charge amplifier is used to measure the dynamic pressure of the reaction chamber both during and after the compression. In the present RCM system, the compressed charge temperature (T C ), i.e., the temperature at the end of compression (top dead center, TDC), is estimated using the following adiabatic relation,
where P C is the compressed charge pressure (i.e., the pressure at TDC), P 0 and T 0 are the measured initial pressure and temperature of the homogeneous charge, and is the specific heat ratio of the charge. The desired compressed charge temperature (T C ) can be obtained through adjusting the initial charge temperature (T 0 ), the compression ratio, or the specific heats of the mixture, while the compressed charge pressure (P C ) can be varied independently by altering the initial charge pressure (P 0 ).
B. Definition of Ignition Delay
The definition of ignition delay used the in the present study is illustrated in Fig. 1 , which includes a representative experimental pressure trace, P(t), and the first derivative of the experimental pressure trace over time, P'(t). As seen in Fig. 1 , ignition delay is defined as the time interval between the end of compression and the onset of an inflection point in the rising part of the pressure trace. In Fig. 1, 1 represents the first-stage ignition delay (or cool-flame ignition delay), while ig is the total ignition delay.
C. Test Fuels
In this study, n-Butanol obtained from Sigma-Aldrich (99.9%) and n-heptane obtained from Fisher Scientific (99.5%) were used to construct the fuel mixtures investigated. In total, five fuel blends were tested, which are But100 (neat n-butanol), But80 (a mixture containing 80 mol.% of n-butanol and 20 mol.% of n-heptane), But60, But40, and But20. Molecular structures of n-butanol and n-heptane are given in Fig. 2 . 
D. Test Conditions
In the present study, ignition delay measurements were carried out at an equivalence ratio of 0.4 and a compressed pressure of 20 bar with the compressed temperature ranging from 700 K to 907 K, which are relevant to the conditions for the onset of autoignition in HCCI engines. Table 1 lists the compositions of the gas mixtures tested in this study. Figure 3 shows the experimental pressure traces from the oxidation of neat n-butanol (But100) at low to intermediate temperatures. As can be seen, total ignition delay decreases monotonically with the increase of compressed temperature. Moreover, within the temperature range covered in this study, n-butanol exhibits only single-stage ignition. No cool-flame or negative temperature coefficient (NTC) behavior has been observed from the oxidation of neat n-butanol for the conditions investigated.
III. Results and Discussion
It is well-established that cool flame behavior is initiated through the dissociation of ketohydroperoxides, which are produced via a sequence of low temperature oxidation steps (i.e., R·+O 2 RO 2 ·; RO 2 · ·QOOH; ·QOOH+O 2 ·O 2 QOOH; ·O 2 QOOH ketohydroperoxide+·OH) 21 . Among these low temperature reactions, the key steps are those isomerization reactions that involve internal H-atom transfers by forming transition-state rings. Among the internal H-atom shift reactions, (1,5) H-atom transfer is considered to have the most rapid reaction rate due to its low strain energy barrier and rather large pre-exponential A-factor 21 . Since n-butanol has a linear alkyl chain of four carbon atoms, one might expect that n-butanol would exhibit a certain extent of cool flame behavior based on the above-mentioned low temperature oxidation sequence. However, no noticeable cool flame behavior is observed in this study, suggesting that the presence of hydroxyl group in alcohols may help to promote certain chain-propagation channels that compete with the low temperature reactions in the chain-branching path. As a result, low temperature chain branching and thus cool flame behavior is suppressed. Figure 3 . Experimental pressure traces from the oxidation of neat nbutanol (But100 in Table 1 ) at P C =20 bar and =0.4.
Since C-H bonds at the -position of alcohols (refer to Fig. 2 ) have the lowest bond dissociation energies among the C-H bonds in alcohols due to the presence of hydroxyl group 9 , it is expected that the dissociation ofhydroxyalkylperoxy radicals shall play a significant role in the low temperature oxidation of alcohols. da Silva et al. 22 studied the -hydroxylethyl+O 2 reactions via quantum chemical calculations. It was reported by the authors that the energy barriers for the dissociation of the -hydroxylethylperoxy radical into acetaldehyde and hydroperoxy radical or vinyl alcohol and hydroperoxy radical through concerted elimination are considerably lower than those of isomerization reactions through intramolecular H-atom shift. Therefore, for the oxidation of n-butanol at low temperatures, it is reasonable to consider that the fast concerted elimination reactions of -hydroxylbutylperoxy radicals (Fig. 4) dominate over the isomerization reactions through (1,5) H-atom transfers, which leads to the lack of low temperature reactivity for n-butanol observed in this study.
In contrast to the lack of cool flame behavior for neat n-butanol, But80 was observed to exhibit pronounced twostage ignition, as seen in Fig. 5 , indicating that the presence of n-heptane in the binary mixture promotes chain branching at low temperatures appreciably. As previously mentioned, the first-stage ignition (or cool flame) is initiated through the decomposition of ketohydroperoxides at low temperatures, while the second-stage ignition is triggered by the dissociation of H 2 O 2 . In Fig. 5 , it is also found that the change of total ignition delay with compressed temperature does not follow a monotonic trend. Instead, NTC behavior is observed for the But80 mixture. In addition, it is found that with the increases of compressed temperature, But80 experiences the transition from two-stage ignition to single-stage ignition, which suggests that low temperature chain branching diminishes when the compressed temperature migrates from low temperature range to the intermediate temperature range. Figure 6 plots the total ignition delay times for the five test fuel blends investigated in this study over a range of compressed temperatures from 700 K to 907 K. A notable observation from this plot is that the difference in total ignition delay between neat n-butanol and a mixture of n-butanol and n-heptane is temperature-dependent. The difference is more pronounced at low temperatures, while it becomes smaller as the compressed temperature steps into the intermediate temperature range. This temperature-dependent nature of the difference in total ignition delay between neat n-butanol and a mixture of n-butanol and n-heptane can be attributed mainly to the diminishing of cool flame response for the n-butanol/n-heptane mixture when the compressed temperature deviates from the low temperature range and enters the intermediate temperature range. Figure 7 shows the comparison in ignition behavior among the n-butanol-blended mixtures at a compressed temperature around 759 K. As can be seen, at this compressed temperature, all of four binary fuel blends exhibit two-stage ignition, while neat n-butanol shows only single-stage ignition. It is also observed that cool flame behavior becomes stronger as the concentration of n-heptane in the fuel mixture increases. In addition, with the presence of n-heptane in the mixture, total ignition delay is significantly shortened. Furthermore, as seen in Fig. 8 , total ignition delay varies nonlinearly with the mole fraction of n-butanol in the fuel mixture. In particular, it is observed that with the addition of n-heptane in n-butanol, total ignition delay initially decreases sharply, and then the decrease becomes much slower with the further increase of the concentration nheptane in the fuel mixture. Thus, it can be seen that even with a small fraction of n-heptane present in the binary fuel mixture initially, the cool flame response promoted by the low temperature oxidation of n-heptane is able to result in a considerably shorter overall ignition delay as compared to that for neat n-butanol. However, with the further increase of the concentration of n-heptane in the binary fuel blend, the total ignition delay will only decrease slowly since the changes in both the onset of cool flame and the extent of cool flame become increasingly smaller.
Conclusions
Autoignition of binary fuel blends of n-butanol and n-heptane was investigated in a rapid compression machine at an equivalence ratio of 0.4 and a compressed pressure of 20 bar with compressed temperature ranging from 700-907 K. Within the test conditions of this study, neat n-butanol exhibits only single-stage ignition. No NTC behavior is observed for neat n-butanol. In contrast, all of the fuel mixtures of n-butanol and n-heptane show pronounced cool flame behavior at low temperatures due to the presence of n-heptane in the blends. As a result, total ignition delay is appreciably shortened for the n-butanol/n-heptane mixtures as compared to that for neat n-butanol. In addition, it is observed that the difference in overall ignition delay between neat n-butanol and a fuel mixture of n-butanol and nheptane is temperature-dependent. Namely, the difference is more pronounced at low temperatures, while it becomes smaller as the compressed temperature enters the intermediate temperature range. Furthermore, total ignition delay is observed to vary nonlinearly with the mole fraction of n-butanol in the binary fuel mixture in the low temperature range. 
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